Abstract Phosphohydrolysis of extracellular ATP and ADP is an essential step in purinergic signaling that regulates key pathophysiological processes, such as those linked to inflammation. Classically, this reaction has been known to occur in the pericellular milieu catalyzed by membrane bound cellular ecto-nucleotidases, which can be released in the form of both soluble ecto-enzymes as well as being associated with exosomes. Circulating ecto-nucleoside triphosphate diphosphohydrolase 1 (NTPDase 1/CD39) and adenylate kinase 1 (AK1) activities have been shown to be present in plasma. However, other ecto-nucleotidases have not been characterized in depth. An in vitro ADPase assay was developed to probe the ecto-enzymes responsible for the ectonucleotidase activity in human platelet-free plasma, in combination with various specific biochemical inhibitors. Identities of ecto-nucleotidases were further characterized by chromatography, immunoblotting, and flow cytometry of circulating exosomes. We noted that microparticle-bound ENTPDases and soluble AK1 constitute the highest levels of ecto-nucleotidase activity in human plasma. All four cell membrane expressed E-NTPDases are also found in circulating microparticles in human plasma, inclusive of: CD39, NTPDase 2 (CD39L1), NTPDase 3 (CD39L3), and NTPDase 8. CD39 family members and other ecto-nucleotidases are found on distinct microparticle populations. A significant proportion of the microparticle-associated ecto-nucleotidase activity is sensitive to POM6, inferring the presence of NTPDases, either −2 or/and −3. We have refined ADPase assays of human plasma from healthy volunteers and have found that CD39, NTPDases 2, 3, and 8 to be associated with circulating microparticles, whereas soluble AK1 is present in human plasma. These ecto-enzymes constitute the bulk circulating ADPase activity, suggesting a broader implication of CD39 family and other ecto-enzymes in the regulation of extracellular nucleotide metabolism.
Introduction
Nucleotide release into the extracellular milieu occurs in the setting of cell death, injury, or in the context of channelmediated release, all of which are heightened during inflammation [1] [2] [3] . Extracellular adenine nucleotides serve as signal mediators for inflammation, coagulation, vascular tone, and other physiological or pathological processes via type 2 purinergic (P2) receptors [3, 4] . The catabolism of extracellular adenine nucleotides by ecto-enzymes is a crucial step controlling these purinergic signaling-mediated biological processes, which underpins potential clinical significance in disease diagnosis.
Although attempts to characterize circulating adenine nucleotide metabolism dates back half a century, reliable measurements have required the development of isotope-labeled nucleotides and thin layer chromatographic analysis [5, 6] . These ATPase and ADPase activities in the plasma were found to be independent of alkaline phosphatase as levamisole or β-glycerophosphate, inhibitors for alkaline phosphatase, did not affect them [6] . Yegutkin and colleagues have demonstrated that at least three distinct ecto-enzymes contribute to the plasma ATPDase activity: adenylate kinase 1 (AK1), CD39, and ecto-nucleotide pyrophosphatase (EPP) [7, 8] .
Ecto-nucleoside triphosphate diphosphohydralases (ENTPDases) are largely cell surface-located ecto-enzymes that catalyze the conversion of ATP to ADP and ADP to AMP. To date, eight E-NTPDases have been identified in humans, where four of them, NTPDases 1, 2, 3, and 8 are found to be expressed on the plasma membrane [9, 10] . NTPDase 1/CD39, the prototype of this family, plays a key role in mediating inflammation in disease entities such as acute lung injury [11] , inflammatory bowel disease [12, 13] , diabetic nephropathy [14] , and ischemic reperfusion injury [15] . Originally described as a B lymphocyte activation marker, CD39 is also expressed on endothelial cells and recently identified on circulating microparticles [16] . Microparticles are extracellular membrane vesicles derived from diverse cell types through heterogeneous mechanisms [17] . Levels of microparticles expressing CD39 have been shown to increase in disease states such as acute liver injury and idiopathic pulmonary arterial hypertension [18, 19] .
Whether other E-NTPDase family members are present in the plasma has not been examined in depth, NTPDase 2 (CD39 L1), NTPDase 3 (CD39 L3), and NTPDase 8 share significant sequence homology to CD39 and likely maintain similar protein structures (Fig. 1a) [10] . Homology models of NTPDases 2, 3, and 8 show a highly conserved active site but exhibit more variations in the peripheral domains (Fig. 1b) . In a manner similar to CD39, membrane bound NTPDases might be released in exosomes or microparticles and enter the circulation.
Herein, we describe the identification of E-NTPDase activities from circulating microparticles as well as the soluble Ak1 ecto-nucleotidase. These ecto-enzymes account for surprisingly high proportions of the circulating ADPase activity in plasma of healthy individuals and may represent new diagnostic and therapeutic targets for a wide variety of disease states.
Methods and reagents

Human blood samples
Blood samples from 14 healthy human volunteers were collected through standard phlebotomy into citrate tubes. Erythrocytes and leukocytes were collected by centrifugation at 500×g for 10 min at 25°C, subsequently washed twice with ×10-fold excess volume of standard phosphate-buffered saline (PBS), and then restored to the original volume. The plasma separated from hematocytes was centrifuged again at 2,500×g for 10 min at 25°C to obtain platelet-free plasma, which was subsequently stored at −80°C in aliquots. The study has been approved by IRB at Beth Israel Deaconess Medical Center under A.M.
ADPase activity assay by TLC Ecto-ADPase activity assays were performed with 200 μM 14 C-ADP (50 mCi/mmol, American Radiolabeled Chemicals, St. Louis, MO) in the presence of 10 mM calcium chloride and 10 mM magnesium chloride. PBS was used to normalize the phosphate concentration in both samples and standards. The inhibitor concentrations were chosen based on prior literature and used typically ×10-fold that of the inhibitory constant (Ki) or concentrations: EHNA (150 μM), POM1 (26 μM), POM6 (40 μM), Ap5A (80 μM), levamisole (450 μM), sodium orthovanadate (20 μM), and sodium glycerophosphate (1 mM) [6, 8, 20] . The polyoxometalates inhibiting either CD39 and NTPDase 3 (POM1) or NTPDases 2 and 3 (POM6) were used in the reaction (Fig. 1c) [20] . Inhibitors were incubated with platelet-free plasma or blood cell samples for 15 min before the addition of ADP substrate. For quantitation, recombinant potato apyrase (New England Biolabs, Ipswich, MA) at 0, 50, 100, 150, 200, 300, 400, and 1,000 mU/μl (ATPase activity) was included to generate the standard curve. One unit of ATPase activity was defined as the amount of enzyme that catalyzes the conversion of 1 μmol of ATP to ADP in 1 min at 30°C. The ATPase activity is 12 times that of the ADPase activity per the manufacturer's instructions. A typical ADPase assay for plasma samples was prepared in a volume of 5 μl and incubated at 30°C for 2 h. ADPase assays of hematocytes were prepared in a volume of 20 μl and incubated on a Thermomixer (Eppendorf) under the same conditions. The reaction was terminated by adding EDTA to 100 mM. A total of 1 μl sample was loaded onto a pre-cast silica TLC plate (Sigma-Aldrich, St. Louis, MO). The TLC was performed using 150 ml buffer with isopropanol, ammonia, and water at a ratio of 4:2:1 as previously described [21] . After drying, the isotope-labeled nucleotides were detected by auto-exposure on HyBlot CT films (Denville Scientific, Metuchen, NJ) for 24-72 h. The image was subsequently scanned, converted to 32-bit BW format, and background corrected using ImageJ software (NIH) [22] . The standard curve was fitted with the following sigmoidal function:
where y is ADP conversion (defined by the ratio between adenosine and total nucleotide density), x is ADPase activity in the standards, A is the maximal ADP conversion, B is the log of inflection point, C is the slope of the transition region, and D is a correction factor for the putative asymmetry of the sigmoidal curve. The ADPase activity in plasma samples was calculated with constants derived from the above equation using a least square deviation regression method. Of note, dilution of samples was made so that measurements fell into the transition region of the curve. The inhibitor specific activity was calculated by subtracting the ADPase activity in the presence and absence of inhibitors and reported in both absolute values as well as percentage activity of the total.
Microparticle preparation
Microparticles were prepared using differential ultracentrifugation as described previously [23] . Briefly, plasma samples were first centrifuged at 10,000×g for 30 min at 4°C. The supernatants were again centrifuged at 100,000×g for 90 min at 4°C to collect the microparticles in the pellet. Precipitated microparticles were then re-suspended in PBS for subsequent electrophoresis or flow cytometry analysis.
Size exclusion chromatography
Five samples were fractionated by size exclusion chromatography using a Superose 6 GL column (GE Healthcare Life Sciences, Pittsburgh, PA) on an ÄKTApurifier (GE Healthcare Life Sciences). Typically, 200 μl plasma sample in citrate buffer were centrifuged at 10,000×g for 10 min and injected onto the column. Elution was achieved using TS buffer (20 mM Tris, 150 mM sodium chloride at pH 7.5) running at 0.5 ml/min at room temperature. Fractions were collected in 1 ml aliquots through an automated fraction collector. Samples from size exclusion chromatography were concentrated using Amicon Ultra filtration units with 5 kDa cutoff (EMD Millipore, Billerica, MA) to the loading volume prior to further analysis.
Electrophoresis and immunoblotting
Electrophoresis was performed using standard protocols on a pre-cast 4-12 % SDS gradient gel (BioRad Laboratories, Hercules, CA) under non-reducing condition. SDS-PAGE was stained by Coomassie blue or transferred to PVDF membrane for immunoblot analysis. For western blotting, the following antibodies were used: mouse anti-human CD39 (BU61 clone; Ancell Corporation, Bayport, MN), rabbit against human NTPDases 2, 3, and 8 (Thermo Scientific, Rockford, IL). Protein signal was detected using SuperSignal Western Pico Chemiluminescent Substrate (Thermo Scientific) through autoexposure on HyBlot films (Denville Scientific, Metuchen, NJ).
Flow cytometry of microparticles
Annexin V-Pacific Blue (BioLegend, San Diego, CA), monoclonal CD39-FITC (BioLegend), and polyclonal NTPDase 2, 3, and 8 antibodies labeled with DyLight 488 or 650 nm Amine-Reactive Dyes (Thermo Scientific) were centrifuged at 10,000×g at 4°C for 15 min prior to use. Annexin V (BioLegend) was used to label phosphatidylserine and phosphatidylethanolamine, phospholipids that are characteristic for microparticles [24] . The purified microparticles, fluorophorelabeled antibodies, and Annexin V (BioLegend) were incubated in TS buffer with 1 mM calcium chloride in the dark at 4°C for 30 min. The products were precipitated again by ultracentrifugation at 100,000×g for 90 min at 4°C, and re-suspended in TS buffer with 1 mM calcium chloride. The flow cytometry experiment was performed on a Gallios Flow Cytometer (Beckman Coulter, Danvers, MA) using standard protocols. One-micromolar sizing beads (Spherotech, Lake Forest, IL) were used as reference to generate gating for microparticles. The data were analyzed using Kaluza (Beckman Coulter).
Protein modeling
The primary sequences of rat CD39, human CD39, and NTPD2, 3, and 8 were downloaded from NCBI protein database and aligned using ClustalW [25] . The threedimensional model of human CD39 was built upon the crystal structure of CD39 from Rattus norvegicus (PDB ID 3ZX3) using SWISS-MODEL [26, 27] . The mapping of conserved protein sequences were obtained via the ConSurf Server [28] . The final model was examined with PyMOL (pymol.org).
Results
Plasma ADPases demonstrate different inhibitor sensitivity compared to hematocytes
Ecto-nucleotidase activity is known to be present in leukocytes, largely deriving from CD39/NTPDase1, and is therefore expected to be detected in the hematocyte fraction of blood. The nucleotidase activity in the plasma is, however, less well characterized. We first compared the ADPase activity in human hematocytes and platelet-free plasma at physiological pH (7.4) in the presence of inhibitors specific to different ecto-enzymes. ADP was chosen instead of ATP because of its relative stability and less interference from soluble kinases and EPP (Fig. 1c) . As expected, hematocytes demonstrated inhibitor sensitivity primarily to POM1, consistent with the notion that CD39 is the major ecto-nucleotidase on leukocyte membranes (Fig. 2a) . In contrast, a distinct inhibitor sensitivity pattern was seen in the plasma. First of all, when ADP was used as a substrate, the catabolism of ADP continued to inosine with no apparent accumulation of AMP and moderate accumulation of adenosine, suggesting the presence of a complex enzyme system that catalyzes the reaction in tandem (Fig. 2b) . The ecto-nucleotidase activity was not inhibited by levamisole, orthovanadate, or glycerophosphate, inhibitors for nonspecific phosphatases such as alkaline phosphatase. Instead, plasma ADPase activity was most sensitive to POM6, a non-CD39 inhibitor specific for NTPDases 2 and 3 (Ki 3.9 and 3.8 μM, respectively) [20] and to a lesser extent to Ap5A (an inhibitor for AK1) (Fig. 2b) .
Quantitation of human ADPase activity in the plasma
We then developed an assay to quantitate the ADPase activity in human plasma by incorporating purified recombinant apyrase as an internal standard (Fig. 3a, b) . Erythro-9-(2-hydroxy-3-nonyl) adenine (EHNA), an inhibitor for adenylate deaminase 1, was used in the reaction buffer to inhibit further catabolism of adenosine (Fig. 3c) . Human plasma carries an ADPase activity of approximately 30.0 ± 4.8 (U/l) (Fig. 3d, Table 1 ). The presence of POM6, an inhibitor for NTPDases 2 and 3, resulted in the most significant decrease of ADPase activity when compared to Ap5A, an inhibitor for AK1 and POM1, an inhibitor for CD39 and E-NTPDase 3 (Fig. 3d) . The mean POM6 sensitive activity in healthy volunteers measured 12.5±4.8 (U/l), representing an average of 42 % of the total ADPase activity in the plasma of healthy volunteers (Table 1) .
Two types of ADPase activities are present in the plasma
To further delineate ecto-enzymes that gave rise to the ectonucleotidase activity, we fractionated the human plasma on a Superose 6 GL size exclusion column. This step allows the separation of free proteins from much larger circulating particles such as lipoproteins and microparticles (Fig. 4a) . The ecto-nucleotidase activity was then measured in each fraction. It became clear that the ecto-nucleotidase activity was present in fraction 1, corresponding to large complexes such as microparticles, and chiefly in fraction 10, corresponding to free proteins (Fig. 4b) . Interestingly, in this experiment, the conversion of ADP was only to AMP, indicating the absence of a 5′-nucleotidase (5′-NT) like enzymatic activity secondary to size fractionation of the plasma. Thereafter, using a similar inhibitor screening assay as described above, we found that ADPase activity in fraction 1 was sensitive to both POM1 and POM6 suggestive of E-NTPDases (Fig. 4c) , whereas the activity in fraction 10 was most sensitive to Ap5A, consistent with the presence of AK1 (Fig. 4d) . The presence of other E-NTPDases in circulating microparticles
Since POM6 has minimal inhibition of CD39 (Ki > 1 mM), the presence of POM6 sensitive ADPase activity raised the question whether there are other E-NTPDases in plasma. To test that hypothesis, we performed immunoblotting using antibodies against human CD39, NTPDases 2, 3, and 8 on the human plasma fractionated from the size exclusion column. CD39 as well as NTPDase 2, 3, and 8 were all found in the first fraction corresponding to large complexes such as microparticles (Fig. 5a ). The size of the immune-positive bands were close to 100−150 kDa for all four E-NTPDases, suggesting dimers in keeping with previous observations made in CD39 [29, 30] . Next, to confirm the presence of E-NTPDases on circulating microparticles, we isolated microparticles from plasma using differential ultracentrifugation as described previously [23] . Flow cytometry demonstrated the presence of all four members of the CD39 family E-NTPDases in microparticles, albeit the percentage of Annexin V + /ENTPDase + particles were significantly lower with NTPDases 3 and 8 (Fig. 6) . These data suggest the difference between NTPDases 3 + or 8 + microparticles and CD39 + microparticles. Only polyclonal antibodies are currently available for E-NTPDases other than CD39; these are suboptimal for flow cytometry analysis due to potential nonspecific binding. We, hence, further validated the presence of E-NTPDases by immunoblotting using the same microparticle preparation from three healthy individuals (Fig. 5b) . Proteins at expected molecular weights were identified in purified microparticles as the predominant signals on immunoblots with all four antibodies.
Discussion
The regulation of ATP scavenging and catabolism in the extracellular space is an essential mechanism in Fig. 4 Characterization of the plasma ecto-nucleotidase activities. a Size exclusion chromatography of human plasma. The chromatogram is shown in red, with collected fractions labeled at the bottom. The molecular weight standards are shown in gray and labeled. b ADPase activity in fractionated human plasma. The ADPase activity sensitive to Ap5A, POM1, and POM6 is further tested in fraction 1 (c) and fraction 10 (d) Fig. 5 Immunoblotting of E-NTPDases in fractionated plasma. a Immunoblots of the fractionated plasma using E-NTPDase antibodies. Samples of the first fraction from the size exclusion column were separated by non-reducing SDS-PAGE and then probed with antibodies as indicated. Molecular weight standards are shown in the right lane. b Representative immunoblots of microparticles from human plasma (3 of the 14 samples were shown). Microparticles from human subjects were prepared by differential ultracentrifugation and then analyzed by immunoblotting inflammation and is deeply implicated in many diseases. The phosphohydrolysis of extracellular ATP and ADP is believed to occur in a pericellular milieu, catalyzed by cell membrane bound E-NTPDases. This study shows the presence of substantial ecto-nucleotidase activity in human plasma that may complement the nucleotidase activities on the cell surface. We found that at physiological pH, the NTPDases 2, 3, and 8 are present at significant levels on circulating microparticles and contribute to the nucleotidase activities in the human plasma besides the already described AK1 and CD39.
These observations underscore previously underappreciated human physiology with regard to purinergic signaling. E-NTPDase-containing microparticles are present at significant concentrations in healthy volunteer plasma, suggesting that these E-NTPDases are likely expressed at high levels in human tissues that are accessible to circulation. The tissue expression patterns of the genes ENTPD2, 3, and 8 have been reported in the open source proteomics databanks, such as the Human Protein Atlas [31] . Notably, high levels of NTPDase 2 expression have been seen in the adventitia of blood vessels, epithelial cells of the digestive tract, pancreas, epithelial cells of the upper airway, adrenal gland, and cerebral cortex [31, 32] . NTPDase 3 can be seen expressed in various epithelial cells, including kidney, airway, reproductive, and digestive systems, as well as pancreatic islet cells [31] . NTPDase 8 is noted to be abundant in the liver, epithelial cells of the digestive tract, skeletal muscles, and thyroid gland [31] . Compared to ecto-nucleotidases, the physiological significance of AK1 in the plasma is less clear. AK1 is a ubiquitous cytosolic protein most abundantly expressed in muscle cells [33] . Its role is largely linked to intracellular signaling, such as those through AMP sensitive protein kinase, ATP-sensitive potassium channel, and AMP-sensitive metabolic enzymes [34] . It has also been shown that certain myocytes actively secretes AK1 in vitro [35] . The AK1 activity is present in late fractions from the size exclusion column, suggesting its presence as monomer in the plasma. It is unclear whether AK1 in plasma are mainly derived from cytoplasmic leakage or actively secretion.
The critical role of E-NTPDases in immune response has been exemplified by CD39. A recent genome-wide association studies (GWAS) showed that genetic variants of CD39 are the strongest predictor for immunephenotypic traits, surpassing most conventional immunerelated proteins [36] . It is not inconceivable that non-CD39 E-NTPDases are also critical in inflammatory conditions involving the cells where these are highly expressed. For instance, the expression of NTPDases 2, 3, and 8 in epithelial cells of the digestive tract raises the possibility of their roles in inflammatory diseases of the GI tract. Similarly, in the liver, the respective expression of NTPDase 2, 3, and 8 in portal fibroblasts, activated hepatic stellate cells, and hepatocytes raises their synergistic involvement in liver fibrosis secondary to inflammation [32, 37, 38] . Factors that influence the expression pattern of ecto-enzymes on the surface microparticles remain to be understood. Besides the cell origin, the changes of physiological and pathological states may influence the levels of ecto-enzymes as well as the number of microparticles produced from host cells.
Overall, using the E-NTPDase specific inhibitors, we have developed a refined assay that can differentiate the activities of AK1, and various NTPDases using plasma samples. We have shown the presence of NTPDases 2, 3, and 8 in circulating microparticles. Together with CD39 and AK1, these ecto-enzymes constitute major ecto-nucleotidase activity in plasma of healthy individuals. Our study indicates a broader presence of CD39 family ecto-nucleotidases participating in purinergic signaling. These ecto-enzymes could be involved in the pathophysiology of inflammatory diseases and provide new targets for disease diagnosis and treatment. 
